The gene, designated AsamyR, encoding a transcriptional activator involved in amylolytic gene expression was isolated from a shoyu koji mold, Aspergillus sojae KBN1340, and characterized. The structural gene comprised 1,951 bp with 2 introns. AsAmyR consisted of 595 amino acid residues possessing a high degree of sequence identity with other Aspergillus AmyRs. The AsamyR gene disruptant showed significantly restricted growth on starch agar plates and produced no detectable α-amylase production in SP medium. The multicopy AsamyR strain exhibited approximately two-fold higher amylase activity when compared to that of the control strain, but the increased rate of the amylase activity was not as high as the copy number of the integrated AsamyR gene.
Introduction
The filamentous fungus Aspergillus sojae has been used for production of the traditional Japanese fermented food soy sauce (shoyu). A. sojae, when grown on a shoyu koji composed of soybean and wheat, secretes a large variety of carbohydrases and proteases. These enzymes are essential for the efficient maceration and hydrolysis of soybean and wheat. Among these enzymes, amylases are involved in saccharification of starch into glucose for subsequent fermentation by yeasts and lactic bacteria. A. sojae secretes a small amount of α-amylase, whereas Aspergillus oryzae secretes a large amount (approximately 16-fold) of α-amylase named Taka-amylase A (TAA) (Terada et al., 1980) . Regulatory mechanisms of the A. oryzae TAA gene (taaG2 gene) expression have been extensively studied. Three transcription factors, the Hap complex, CreA (carbon catabolite repressor protein A) and AmyR (transcriptional activator for amylolytic gene expression) were found to be involved in taaG2 gene expression and regulation . The Hap complex binds to a CCAAT sequence at around -300 in the taaG2 gene promoter and is responsible for high-level expression of the taaG2 gene regulation (Kato, 2005) . CreA is a negative regulatory factor mediating carbon catabolite repression. Four CreA binding sites in the taaG2 gene promoter are involved in repression of taaG2 gene expression by glucose (Kato et al., 1996) . AmyR is a specific transcriptional activator with Zn(II) 2 Cys 6 binuclear cluster DNA-binding motif. AmyR binds the CGGN 8 AGG sequence at approximately -200 in the taaG2 gene promoter which is required for inducible expression by starch or maltose (Petersen et al., 1999 , Gomi et al., 2000 , Tani et al., 2001a , Itoh et al., 2004 .
In order to elucidate the regulation system of the A. sojae α-amylase gene, AstaaG1, we have previously reported its structure and expression (Yoshino-Yasuda et al., 2013) . Disruption of the AstaaG1 gene has shown that AsTaaG1 is responsible for α-amylase activity in A. sojae. The CCAATlike sequence CCAAA at -378 to -374 in the promoter region of the AstaaG1 gene has the low binding affinity to the Hap complex, which causes the lower amylolytic activity of A. sojae when compared to that of A. oryzae.
In the promoter region of the AstaaG1 gene one AmyR binding site is presented at -264 to -251. This clearly sug-BamHI fragment of pARS1340 into the EcoRI-BamHI site on pYRG100. Plasmid pYRARS100 was used to transform A. sojae KBN1340-P2 for isolation of the multicopy AsamyR strain.
Southern blot analysis Total DNA from A. sojae strains digested with PstI were fractionated by electrophoresis on 0.7% agarose gel and were transferred onto a Hybond-N + membrane (GE Healthcare, Buckinghamshire, UK). The DNA probe was prepared by amplification of a 1.2-kb DNA fragment with a pair of primers, amyRN1 and amyRC1 after excision of the 1.7-kb StuI-Aor51HI region ( + 44 to + 1,741) from pARS1340. Labeling of the probes and detection of the signals in Southern hybridization was carried out using an AlkPhos Direct Labelling and Detection System with CDPStar (GE Healthcare). In accordance with the procedure provided by the manufacturer, hybridization was carried out at 55℃ in hybridization buffer, and the membrane was washed twice with primary wash buffer at 55℃ for 10 min, and twice with the secondary wash buffer at room temperature for 5 min. Signal intensity was quantified using ImageJ (i).
Enzyme assay Amylase activity was measured at pH6.0 and 40℃, with soluble starch as the substrate, by the modified method of Saito (Saito, 1973 ). An α-amylase solution containing one unit of enzyme reduced the optical density at 690 nm by 2.5% in 10 min.
Results and Discussion
Isolation and structural features of AsamyR gene Three genes, AspecA, AsrglA and AstaaG1, from A. sojae KBN1340 have been already cloned and characterized (Yoshino-Yasuda et al., 2011 , Yoshino-Yasuda et al., 2012 , Yoshino-Yasuda et al., 2013 . Their nucleotide sequences including the 5'-and 3'-flanking regions shared significant identity (94.9%, 93.4% and 94.1%) with those from A. oryzae. Therefore, we postulated that the nucleotide sequence of the AsamyR gene has a high degree of identity with that of the A. oryzae amyR gene. One set of primers was synthesized based on the nucleotide sequence of the A. oryzae amyR gene (Petersen et al., 1999 , Gomi et al., 2000 , and the AsamyR gene was successfully amplified from A. sojae KBN1340 genomic DNA by PCR, as described in the Materials and Methods. The cloned AsamyR gene was sequenced in both directions (Fig. 1A) .
The coding region of the AsamyR gene comprised 1,951 bp with 94.1% sequence identity to the A. oryzae amyR gene. Comparison with the A. oryzae amyR gene revealed two short putative introns of 69 bp and 94 bp. The coding sequence encoded a polypeptide of 595 amino acid residues with a molecular mass of 65,596 Da.
The 5'-and 3'-noncoding regions of the AsamyR gene were searched for various consensus sequences. There were gests that the expression of the AstaaG1 gene is also under the control of AmyR. However, no experimental evidence has been found to date for AmyR-dependent expression of the AstaaG1 gene. In this paper, we analyzed the gene structure of AsAmyR, the transcriptional factor for amylolytic genes from A. sojae KBN1340, a representative strain suitable for shoyu production obtained from the library of the seed koji company, Bio'c (Toyohashi, Japan). Furthermore, we describe the effects of disruption and multiplication of the AsamyR gene on the amylase production in A. sojae.
Materials and Methods
Fungal strain, culture media and transformation A. sojae KBN1340 obtained from Bio'c (Toyohashi, Japan) was used for DNA isolation, and was grown at 30℃ in CzapekDox medium or SP medium (2% starch, 1% polypepton, 0.5% KH 2 PO 4 , 0.5% KCl, 0.1% NaNO 3 and 0.05% MgSO 4 .7H 2 O). For solid medium 1.5% agar was added. A. sojae KBN1340-P2, a uridine-requiring host derived from A. sojae KBN1340, was used for transformation, and was grown at 30℃ in modified Czapek-Dox medium supplemented with 5 mM uridine and 5 mM uracil. Transformation of A. sojae was carried out according to the method described previously (Kitamoto et al., 1995) . Growth of A. sojae transformants was tested on starch agar plates or d-glucose agar plates, i.e., modified Czapek-Dox agar plates containing starch or glucose instead of sucrose as a carbon source.
Amplification of AsamyR by PCR The AsamyR gene was amplified by PCR with ExTaq DNA polymerase (Takara Bio, Otsu, Shiga, Japan) using the primer pair, amyRN1 (5'-TT-GAATTCGATCCCTGACTAGAGTC-3'; corresponding to positions -599 to -583 of the A. oryzae amyR gene (Gomi et al., 2000) , where the translation start site is designated + 1) and amyRC1 (5'-TTGGATCCAATCCTTCGGTTTACTA-3'; corresponding to positions + 2,291 to + 2,309). Total DNA of A. sojae KBN1340 isolated as described previously (Kitamoto et al., 1993) was used as a template. The amplified 2.9-kb fragment was cloned into EcoRI-BamHI-digested pUC118 to construct pARS1340, followed by sequencing.
Construction of AsamyR gene disruptant Plasmid pYRG100 (Kitamoto and Yoshino, 1999) was digested with HindIII and treated with Klenow fragment. After digestion with SalI, the pyrG gene was excised and cloned into the XhoI-Aor51HI site on pARS1340, resulting in plasmid pDisARS100. The 3.6-kb EcoRI-BamHI fragment of pDis-ARS100 carrying the disrupted AsamyR gene was used to transform A. sojae KBN1340-P2 for isolation of the AsamyR gene disruptant.
Construction of the multicopy AsamyR strain Plasmid pYRARS100 was constructed by inserting the EcoRI- A. Numbers on the right refer to nucleotide sequence (negative numbers refer to nucleotides upstream of the AsamyR ATG translation start codon) and amino acid sequence. Intron sequences are in lower-case letters. The TATA box, CCAAT sequence and polyadenylation signal are double underlined, and the CreA consensus binding sites are single underlined. Two CT-rich stretches are also indicated by the broken underline. The AmyR binding sequence is boxed. An asterisk (*) marks the translation stop codon. The AsamyR DNA sequence is available in the DDBJ/EMBL/GenBank databases under the accession number AB753014. B. Amino acid positions in the protein are indicated at the start and end of each sequence. Asterisks indicate amino acids conserved among all eight sequences. Cysteine (C) residues in zinc fingers are indicated by arrowheads. 12 KQACDNCRRRKIKCSRELPCDKCQRLLLSCSYSDVLRRKGPK 53 *********************** ****************** nidulans AmyR, indicating that these domains of AsAmyR should have the same functions such as transcriptional activation and inducer-dependent nuclear localization (Makita et al., 2009) .
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Effect of disruption of AsamyR gene on amylase production
AmyR is a Zn(II) 2 Cys 6 transcriptional activator that regulates expression of the amylolytic genes in A. nidulans, A. niger and A. oryzae. In the promoter region of the A. sojae α-amylase gene (AstaaG1 gene), a CGGAAATTTAAAGG sequence, that is the AmyR binding site of the taaG2 gene, is present at position -264 to -251, as described previously (Yoshino-Yasuda et al., 2013) . Therefore, AsAmyR should also regulate the induction of amylolytic genes in A. sojae.
In order to confirm that AsAmyR is responsible for the starch-induced expression of amylolytic genes in A. sojae, A. sojae KBN1340-P2 was transformed using a 3.1-kb EcoRIBamHI fragment of pDisARS100 carrying the disrupted AsamyR gene. The regenerated pyrG + transformants were purified by selection on CD plates and transferred to starch agar plates. Of 102 transformants screened, two transformants did not form a clear zone on the starch agar plate on staining with KI-I 2 solution after 48 h of growth, while the remainder did. Southern blot analysis of genomic DNA from these two transformants and A. sojae KBN1340 digested with PstI revealed that these transformants contained the predicted 4.8-kb and 6.8-kb fragments (Fig. 2B , Lane 2), while A. sojae KBN1340 contained the 11.3-kb fragment (Fig. 2B, Lane 1) . These results indicate that the AsamyR gene was disrupted in these transformants. The AsamyR gene disruptants grew very poorly on starch agar plates, while it grew as well as A. sojae KBN1340 on dglucose agar plates. The AsamyR gene disruptants produced no detectable α-amylase activity after 4 days cultivation at 30℃ in SP medium, although they showed indistinguishable growth from the control strain transformed with the A. oryzae pyrG gene. On the other hand, the control strain produced 24.2 ± 1.6 U α-amylase/ml. Therefore, these results clearly demonstrate that AsAmyR is also responsible for the starch-induced expression of amylolytic genes in A. sojae.
Effects of multiplication of AsamyR gene on amylase production In order to increase the amylase productivity in A. sojae, A. sojae KBN1340-P2 was transformed with pYR-ARS100 harboring the intact AsamyR gene. The regenerated pyrG + transformants were purified by selection on CD plates and transferred to starch agar plates. Of 20 transformants screened, several transformants formed a larger clear zone than the control strain on the starch agar plate with KI-I 2 staining after 48 h of growth. Among these, the transformant that formed the largest clear zone was designated A. sojae two potential TATA boxes at positions -445 to -440 and -430 to -425, and a typical CCAAT sequence at position -280 to -276 from the putative translation start site. In addition, there were two CT-rich stretches, one of 16 bp (-229 to -214) and the other of 22 bp (-200 to -178) , between the CCAAT sequence and the putative start codon. CT-rich stretch was shown to be involved in correct initiation of transcription, and a major transcription start point would exist near the CTstretch (Adams and Timberlake, 1990, Punt et al., 1990) . Furthermore, five CreA consensus binding sites were present (-548 to -543, -299 to -294, -258 to -253, -207 to -202, and -77 to -72) and one AmyR binding site was present (-101 to -114 (Tani et al., 2001b , Murakoshi et al., 2012 . On the other hand, a typical polyadenylation signal, AATAAA, was not found within the 3'-flanking region we determined. However, its related sequence, AATAGAA, was present ( + 2,246 to + 2,251).
Comparison of amino acid sequence of AsAmyR with those of other Aspergillus AmyRs.
The deduced amino acid sequence of AsAmyR was compared with those of other Aspergillus AmyRs. Overall, AsAmyR shared a high degree of sequence identity with other Aspergillus AmyRs. AsAmyR showed 70.3% identity to Aspergillus clavatus ACLA_049380 (Fedorova et al., 2008) , 97.5% to Aspergillus flavus AFLA_026160A (Payne et al., 2006) , 67.6% to Aspergillus fumigatus AFUA_4G10160A (Nierman et al., 2005) , 72.6% to A. nidulans AmyR (Tani et al., 2001b) , 71.8% to Aspergillus niger An04g06910 (Pel et al., 2007), 96.6% to A. oryzae AmyR, and 70.5% to Aspergillus terreus AmyR (ATEG_00722) (ii).
Based on the amino acid sequence alignment of the fungal AmyRs and Saccharomyces cerevisiae Mal63p (Hu et al., 1999) , AmyR is thought to be composed of five functional domains (Zn, MH1, MH2, MH3, and MH4) (Tani et al., 2001b) . The extreme N-terminal domain Zn is a sequencespecific DNA binding domain with a Zn(II) 2 Cys 6 binuclear cluster DNA-binding motif. The DNA binding domain of AsAmyR shares a completely identical sequence with those of A. nidulans and A. oryzae (Fig. 1B) , implying that AsAmyR recognizes and binds the same sequence, CGGN 8 (C/ A)GG, as these AmyRs (Petersen et al., 1999 , Gomi et al., 2000 , Tani et al., 2001a , Tani et al., 2001b , Itoh et al., 2004 , Nakamura et al., 2006 . Furthermore, the other four domains of AsAmyR showed significant sequence identity with the A. on the conserved domain structure between A. nidulans AmyR and Saccharomyces cerevisiae Mal63p, Makita et al. presumed that the inducer-dependent nuclear localization of AmyR in A. nidulans is controlled by Hsp90/Hsp70-based chaperone machinery. Considering the high identity between AsAmyR and A. nidulans AmyR, A. sojae might also have the chaperone machinery for the AsAmyR nuclear localization, similarly to A. nidulans. However, our results showed that the amylase activity in A. sojae MA16 did not increase in proportion to the copy number of the AsamyR gene, thus suggesting that unknown factor(s) may be required for AsAmyR activation. To elucidate the expression system of amylolytic genes in A. sojae, further studies should be achieved.
Recently, AmyR was shown to regulate the expression of some of the Aspergillus niger genes encoding α-and β-glucosidases, α-and β-galactosidases, as well as genes encoding α-amlyases and glucoamylases (VanKuyk et al., MA16, and was used for further analysis. Southern blot analysis of genomic DNA from A. sojae MA16 and KBN1340 digested with PstI revealed that A. sojae MA16 contained an additional 7.9-kb fragment identical to the length of pYR-ARS100 (Fig. 2C , Lane 2) in addition to the 11.3-kb fragment that A. sojae KBN1340 contained (Fig. 2C, Lane 1) . Based on signal intensity, the copy number of pYRARS100 integrated into the A. sojae MA16 genome was estimated to be approximately 20.
A. sojae MA16 showed normal growth on d-glucose and starch. A. sojae MA16 produced 44.1 ± 3.0 U α-amylase/ml after 4 days of cultivation at 30℃ in starch medium, whereas the control strain produced 24.2 ± 1.6 U α-amylase/ml. The amylase activity of A. sojae MA16 did not increase as much as the copy number of the AsamyR gene. Transcription of the amylase genes in A. nidulans is controlled by regulated nuclear localization of AmyR (Makita et al., 2009 A. Scheme for AsamyR gene disruption is shown. The 3.6-kb EcoRI-BamHI fragment excised from pDisARS100 carrying the disrupted AsamyR gene was transformed to A. sojae KBN1340-P2, and transformants with no amylase activity were selected. Black and white boxes indicate the AsamyR and pyrG genes, respectively. B. Southern blot analysis of genomic DNA isolated from A. sojae KBN1340 and the AsamyR gene disruptant. Genomic DNA (about 5 µg) was digested with PstI and processed for Southern blot hybridization. Hybridization was performed with the AlkPhos Direct system with a 1.2-kb DNA fragment amplified with primer pair amyRN1/ amyRC1 from the pARS1340, excised of the 1.7-kb StuI-Aor51HI region (+44 to +1,741), as a probe. Lane 1, A. sojae KBN1340; Lane 2, AsamyR disruptant. C. Southern blot analysis of genomic DNA isolated from A. sojae KBN1340 and MA16 strains. Genomic DNA (about 5 µg) was digested with PstI and processed for Southern blot hybridization. Hybridization was performed using the AlkPhos Direct system with the 1.2-kb DNA fragment, as described in Fig. 2 (B) , as a probe. Lane 1, A. sojae KBN1340; Lane 2, A. sojae MA16.
